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Cotransport of water by the Nat-K+-2Cl~ cotransporter
NKCC1 in mammalian epithelial cells
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Water transport by the Nat—K+-2Cl~ cotransporter (NKCC1) was studied in confluent cultures
of pigmented epithelial (PE) cells from the ciliary body of the fetal human eye. Interdependence
among water, Na* and Cl~ fluxes mediated by NKCC1 was inferred from changes in cell water
volume, monitored by intracellular self-quenching of the fluorescent dye calcein. Isosmotic
removal of external Cl~ or Na* caused a rapid efflux of water from the cells, which was inhibited
by bumetanide (10 um). When returned to the control solution there was a rapid water influx
that required the simultaneous presence of external Nat and Cl~. The water influx could
proceed uphill, against a transmembrane osmotic gradient, suggesting that energy contained
in the ion fluxes can be transferred to the water flux. The influx of water induced by changes
in external [Cl~] saturated in a sigmoidal fashion with a K, of 60 mm, while that induced
by changes in external [Na*] followed first order kinetics with a K, of about 40 mm. These
parameters are consistent with ion transport mediated by NKCC1. Our findings support a
previous investigation, in which we showed water transport by NKCC1 to be a result of a balance
between ionic and osmotic gradients. The coupling between salt and water transport in NKCC1
represents a novel aspect of cellular water homeostasis where cells can change their volume
independently of the direction of an osmotic gradient across the membrane. This has relevance
for both epithelial and symmetrical cells.
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water and solute fluxes is unknown. Conventional
unstirred layer effects in the external solutions and/or the
cytosol can be ruled out because the diffusion coefficients
in these compartments are too high to support significant

Introduction

There is general agreement that water transport across
cell membranes occurs not only through aquaporins

and the lipid bilayer, but also via some cotransporters
and uniporters (Agre et al. 2004; King et al. 2004).
In cotransporters and uniporters water transport has a
number of features that distinguishes it from osmotic
water flow through aquaporins and lipid bilayers. For
example, water fluxes are coupled to the substrate fluxes
in a given ratio, and energy for the water transport can be
derived from that of the substrate transport. Accordingly,
water transport by cotransporters and uniporters can
occur in the absence of, and even against, transmembrane
osmotic gradients, i.e. the water transport can proceed
thermodynamically uphill, energized by a downbhill
substrate flux (for a review, see Zeuthen, 2010). The
precise molecular mechanism of the coupling between
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concentration gradients (Zeuthen et al. 2002; Charron
et al. 2006; Naftalin, 2008). Alternatively, it has been
suggested that the coupling between water and substrates
is an intrinsic property of some carrier molecules (Zeuthen
& Stein, 1994; Naftalin, 2008).

Among  cotransporter  proteins, Na™-K+t-2Cl~
cotransporters (NKCCs) are known to play pivotal roles
in cell water volume control in symmetrical and polarized
cells (Russell, 2000; Alvarez-Leefmans, 2009). They
are also important in the regulation of fluid secretion
in epithelial cells (Russell, 2000; Zeuthen, 2010). In a
previous study we investigated water transport mediated
by isoform 1 of the Nat™-K"-2Cl~ cotransporters
(NKCC1), in response to osmotic gradients (Hamann
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et al. 2005). The osmotic water transport had several
properties that linked it to possible conformational
changes in the protein: it saturated at osmotic gradients
higher than 100 mosmol 17}, it exhibited high Arrhenius
activation energy (21 kcal mol™!), it depended on the
cotransport of Na®™ and Cl7, and it was inhibited by
bumetanide (10 uMm). In the present study we address the
mechanisms of water transport mediated by NKCC1 and
test the hypothesis that water transport can be induced
by ion fluxes in the absence of transmembrane osmotic
gradients or in the presence of adverse osmotic gradients
that would require uphill water transport. Specifically, we
used cultured pigmented epithelial (PE) cells from the
ciliary body of the fetal human eye to address the question
of whether CI~ (or Na*) transport mediated by NKCC1
leads to concomitant water transport. The results show
that ion fluxes mediated by NKCCI lead to water fluxes
that can proceed even in the direction opposite to that
expected for passive osmotic water flow. The evidence
presented is incompatible with simple osmotic transport
in an aqueous pore, where water transport depends
entirely on the osmotic gradient, does not saturate, and
has low activation energy.

rapid
solution
changes

Na* 2CI- K* H,0

PE cell
cultures

N 0@ J

7N

microscope:
cell volume

Figure 1. Basic experimental set-up used to measure water
transport in cultured pigmented ciliary epithelial cells

The basolateral membranes of cultured pigmented epithelial (PE) cells
from the ciliary body of the eye face upwards, and express isoform 1
of the Nat—K+-2CI~ cotransporter (NKCC1). The water transport
properties of the basolateral membranes are derived from the initial
rates of change in cell water volume produced by rapid changes in ion
concentrations of the bathing solution, at constant osmolarity, or by
changing the external osmolarity (e.g. with mannitol). At the
beginning of each experiment the cells are loaded with the fluorescent
dye calcein; changes in cell volume are derived from self-quenching of
this fluorophore monitored though the microscope’s objective lens.
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Methods

The methods were essentially the same as those described
in our previous works (Hamann et al. 2002, 2003,
2005). Briefly, frozen stocks of cultures of human PE
cells (Von Brauchitsch & Crook, 1993) were thawed and
plated in eight-well chambers having square cover-glasses,
each having a surface area of 0.81 cm?. PE cells were
grown to confluence in culture medium (37°C, 5% CO,)
supplemented with 15% fetal calf serum. Confluent layers
of PE cells in their fifth to eighth passages were used for
experiments. In these cultures the basolateral membrane
expressing NKCC1 faces upwards (Layne et al. 2001). The
frozen cultures of PE cells were kindly donated by Dr. R. B.
Crook, University of California, San Francisco, USA. All
protocols followed the Declaration of Helsinki.

Chambers with confluent layers of PE cells were
mounted on the stage of an inverted epifluorescence
microscope (Nikon, Diaphot 300), equipped with a
40x, N.A. 1.3 oil immersion Fluor objective (Nikon).
Only the solution bathing the upper surface of the
cell layer was changed (Fig. 1). At maximal flow rates
(230 ul s7'), the superfusion solution was exchanged
90% in 5 s at the level of the cells. Changes
in epithelial cell volume were measured using the
fluorescent dye calcein (Crowe et al. 1995; Hamann
et al. 2002). To this end, cells were incubated at room
temperature in control solutions containing 1-5 uMm
calcein-AM (Molecular Probes/Invitrogen). The latter
ester is cleaved intracellularly by esterases yielding the
poorly membrane-permeant fluorescent dye calcein (free
acid) that accumulates intracellularly until reaching
self-quenching concentrations, which in free solutions
are >4 mM (Hamann et al. 2002). After 40—-60 min, the
loading solution was washed out for 60 min before starting
measurements of cell water volume.

The technique for measuring cell water volume
changes using intracellular calcein self-quenching has
also been described in detail in previous publications
(Hamann et al. 2002, 2005). Drift in the fluorescence
signals caused by cell volume-independent reduction in
fluorescence intensity (e.g. dye leakage) was corrected
in each experiment (Hamann ef al. 2005). The relative
background fluorescence caused by the fraction of
intracellular calcein insensitive to changes in external
osmolarity (Alvarez-Leefmans ef al. 1995) was determined
in each experiment using hyposmotic and hyperosmotic
calibration solutions of known osmolarities (Hamann
etal. 2005). The change in cell water volume was calculated
using the following equation (Alvarez-Leefmans et al.
1995):

Vi/Vo = [(Fi/Fo) — ful/(1 = fb) (1)

where V. is the cell water volume at time ¢, V, is
Vi at t = 0, F, is the drift-corrected fluorescence at
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time ¢, Fy is the drift-corrected steady-state fluorescence
before and after a given experimental challenge, and f3,
is the background fluorescence, that is the relative intra-
cellular calcein fluorescence that is insensitive to changes
in external osmolarity. The value of f}, was about 0.7. The
net water flux per cm? of epithelium was calculated from
the following equation:

Jh,0 = ho x dVi/V, dt (2)

where dV/V, dt is the initial rate of change in cell water
volume, estimated from the first 5-10 s of the transient
elicited by changes in the composition of the external
bathing solution; and h, is the volume to surface ratio,
equivalent to the anatomical cell height at time zero,
measured as 7.8 um for PE cells using confocal depth
scanning stacks obtained from cells loaded with calcein.
The changes in cell water volume were linear during the
first 10 s. Thus the initial rates of change in cell water
volume were calculated by regression analysis during this
period of time. To estimate the water permeability (L),
cells were exposed to predefined osmotic gradients (Arn),
and L, was derived from Jy,0/Am.

The control solution contained (in mMm): 118 Na™,
6 K*, 1.2 Mg, 2.6 Ca**, 118 ClI-, 1 PO, 25
Hepes, 5.5 glucose, and 29 mannitol. The osmolarity
of the control solution was about 300 mosmol 17!,
Anisosmotic solutions used to determine L, were
prepared by mannitol removal or addition to the control
solution. The isosmotic Cl™-free solution was made by
replacing Cl~ with gluconate in the control solution, on
a mole-for-mole basis. The isosmotic Na*-free solution
was prepared by mole-for-mole replacement of Na'
with N-methyl-D-glucamine (NMDG). The isosmotic
K*-free solution was prepared by replacement of Kt with
mannitol. These solutions are referred to as isosmotic
because their osmolarity was the same as that in the control
solution. All salts used were of analytical quality and the
osmolarities were measured by means of a vapor pressure
osmometer (model 5520, Wescor Biomedical Systems,
Logan, UT, USA). All solutions were titrated to pH 7.40
with NaOH or, in the case of the Na™-free solutions, with
HCL In experiments using bumetanide, the cells were
primed by superfusing with control solution containing
10 uM bumetanide for at least 1 min prior to testing
other experimental solutions. Bumetanide was dissolved
directly into the solutions. In experiments involving the
use of calyculin-A, cells were primed for 5 min with control
solution containing 10 nM calyculin-A before testing other
experimental solutions.

Results are expressed as means + s.E.M. Comparisons
were made using Student’s ¢ test for unpaired data.
Differences were considered significant when P <
0.05. Unless otherwise stated, numbers in parentheses
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correspond to the number of groups of cells tested,
usually more than 4. Michaelis-Menten and sigmoid
curves were fitted using Origin software (OriginLab Corp.,
Northampton, MA, USA).

Results

Relationship between fluxes of water and CI-

To test for a direct interaction between Cl~ and water
fluxes in the basolateral membrane of PE cells, Cl~ was
removed abruptly from the external solution by isosmotic
replacement with gluconate ions. The isosmotic removal
of CI™ from the extracellular solution was accompanied by
arapid cell shrinkage that began within 1 s of the solution
change, and was completed in less than 10 s (Fig. 2, left
trace). The initial rate of cell shrinkage was 1.07 & 0.07%
s~! (n = 53). This is equivalent to an efflux of water of
8.3+ 0.5nlcm™2 s! given a cell height of 7.8 um. When
Cl~ was returned to the bathing solution, there was a rapid
influx of water atan initial rate of 7.7 £ 0.5nlcm s~ ! (n=
52). To test the effect of inhibiting the NKCC1 transporter
on the water fluxes, the isosmotic removal of external
Cl™ was done in the continued presence of bumetanide
(10 um) inboth the control and the test solutions. Addition
of bumetanide to the control solution produced only
small volume changes; over a 60 s period of exposure
to bumetanide the steady-state cell volume changed by
less than 3% (not shown). However, bumetanide had
a marked effect on the cell volume changes induced by
isosmotic removal and addition of Cl~; the initial water
efflux induced by external Cl~ removal was inhibited by

+10 uM bum
ocCr 0cr
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Figure 2. Removal of external Cl~ in isosmotic media produced
bumetanide-sensitive shrinkage of pigmented ciliary epithelial
cells
Isosmotic replacement of Cl~ with gluconate caused rapid cell
shrinkage. V/V, denotes relative cell water volume. Black bars above
each trace indicate the time of exposure to the isosmotic Cl~-free
solution (0 CI™). Dashed vertical lines indicate onset of exposure to
0 ClI=. On returning to the Cl~-containing control solution cells
recovered their initial volume. Right trace: the initial rate of cell
shrinkage was decreased in the presence of 10 uM bumetanide.
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45 + 6% (n = 10), as determined in paired experiments.
When CI~ was returned to the bathing solution in the
continued presence of bumetanide, the initial rate of
water influx was inhibited by 40 £ 4% (n = 10). A
representative experiment is shown in Fig. 2 (right trace),
and data compiled for all experiments are shown in
Fig. 5.

Calyculin-A, a phosphatase inhibitor, stimulates
cotransport mediated by NKCC1 in PE cells (Layne
et al. 2001). The water efflux induced by isosmotic Cl™
removal in PE cells which had been incubated with 10 nm
calyculin-A doubled to 17.2 = 2.7 nlcm ™% s7! (an increase
of 107 & 33%, n = 5) with respect to control cells (Figs 3
and 5). After the initial shrinkage induced by Cl~ removal,
the calyculin-A treated cells exhibited a slow volume
recovery which made the effect of Cl~ readmission hard
to evaluate.

To study the relation between the initial rate of water
influx and the CI™ concentration in the bathing solution,
the cells were first equilibrated for about 60s in the
isosmotic Cl™-free solution until their volume reached
a new (smaller) steady-state value. Then, the influxes of
water elicited upon brief exposure to solutions of different
Cl™ concentrations were monitored. These isosmotic
solutions were prepared by replacing a fraction of the
gluconate with ClI™. The Cl~ concentrations of these
solutions were (in mm): 29.5, 59, 88.5 and 118. Following
exposure to each of these test solutions, the cells were
returned to the Cl™-free solution. Plotting the initial rate
of water influx for each pulse as a function of the external
Cl™ concentration yielded a sigmoidal curve with a Hill
coefficient of 2.4 &+ 0.6 and a half-maximal activation of
59.9 £ 11.1 mMm of Cl~ (Fig. 6A).

i +10nM caly
L ocr 0cr
1.06
1.00 -
}0
S 095-
0.90 -
0.85
30s
e i 1

Figure 3. Effect of calyculin-A on pigmented ciliary epithelial
cell shrinkage produced by isosmotic removal of external ClI~
Isosmotic replacement of CI~ with gluconate caused rapid cell
shrinkage (left trace). The initial rate of cell shrinkage increased
significantly in cells treated with 10 nm calyculin-A, a phosphatase
inhibitor known to stimulate NKCC1. Labels and symbols as in Fig. 2.
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Effect of step changes in extracellular Nat and K*
on water influx

The interaction between Na™ and water fluxes in the baso-
lateral membrane of PE cells was studied by exposing the
cells to pulses of Na't-free isosmotic solutions in which
Na™ was replaced with NMDG on a mole-for-mole basis
(Fig. 4). Exposure to the Na'-free isosmotic solution
produced an abrupt cell shrinkage that began within 1 s of
the solution change and was completed in less than 10 s.
The initial rate of cell shrinkage was 0.96 + 0.15% s™!
(n=24), which is equivalent to an efflux of water of 7.5
1.2 nl cm™2 57!, In the continued presence of bumetanide
(10 uM) in the control and test solutions, the initial rate
of cell shrinkage induced by isosmotic Na™ removal was
inhibited by 36 4+ 8% (n = 9), as determined in paired
experiments. When the Na*-containing control solution
was readmitted to the bath, there was a rapid recovery from
shrinkage at an initial rate of 0.79 + 0.11% s~ (n = 24),
equivalent to an influx of water of 6.2 & 0.9 nl cm2 s™1.
When Na't was returned in the presence of bumetanide,
the initial rate of water influx underlying the recovery from
shrinkage was inhibited by 28 4= 5% (n=9) as determined
also in paired experiments. The compiled data for all the
experiments is shown in Fig. 5.

To determine the relation between water influx and the
Na't concentration in the bathing solution, tissues were
first equilibrated with the Na'-free isosmotic solution
for about 60 s. Influx of water as a function of external
Na* concentration was elicited by applying pulses with
isosmotic solutions having different Na™ concentrations
(in mM): 28.1, 56.2, 84.3, or 112.4. These solutions were
prepared by mole-for-mole replacement of NMDG with
Na™. At the end of each test solution pulse the bathing

+10 uM bum
1.10 0 Na* 0 Na*
-° 1.00
g | |
0.95 i i
0.90 -
60s

Figure 4. Isosmotic removal of external Na* produced
bumetanide-sensitive shrinkage of pigmented ciliary epithelial
cells

Isosmotic replacement of Na* with N-methyl-p-glucamine caused
rapid cell shrinkage. Black bars above each trace indicate the time of
exposure to the isosmotic Na*-free solution (O Na*). Dashed vertical
lines indicate onset of exposure to 0 Na™. On returning to the
Na™-containing control solution, cells recovered their initial volume.
Right trace: the initial rate of cell shrinkage was decreased in the
presence of 10 um bumetanide. Labels and symbols as in Fig. 2.
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solution was returned to the Na'-free solution. The
dependence of the rate of water influx on external the Na™
concentration follows Michaelis—Menten kinetics with an
apparent K, value of 43.8 £ 8.7 mm (Fig. 6B). This is
probably an overestimate; if the bumetanide-insensitive
component of the water influx is taken into account
(Fig. 5), Ky, values of around 20 mM are obtained. A
precise estimate of K,;, would require water fluxes elicited
by small increases in the Na®™ concentration, in the
presence and in the absence of bumetanide. However, such
experiments were not feasible due to limitations imposed
by the signal to noise ratio of the method.

Attempts were made to determine the interaction
between K™ and water fluxes. In two experiments, which
had particularly low noise levels, isosmolar replacement
of external K™ with mannitol resulted in an abrupt cell
shrinkage that proceeded at initial rates of 0.17 and
0.22% s~! equivalent to water effluxes of 1.3 and 1.7 nl
cm~2 71, respectively. In most experiments of this type,
however, cell volume changes induced by Kt removal
were too small to be detected. This is probably due to the
fact that an epithelial sheet like PE behaves as an infinite
source of KT, and it is really impossible to remove it from
the extracellular solution. This complicates an in-depth
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investigation of K™ dependence of water and ion transport
via NKCC1 in epithelial preparations. Clarification of the
role of K™ for water transport via NKCC1 will require a
more suitable preparation.

Transmembrane water movements in pigmented
ciliary epithelial cells require the simultaneous
presence of external Na* and ClI-

The results presented so far show that isosmotic removal
of Na* or CI~ from the bathing solution induced efflux
of water from the PE cells, and that upon readmission of
Na® or Cl~, water influx ensued (Figs 2, 3 and 4). If the
transport of water is strictly coupled to the transport of
both Nat and CI~ through NKCC1, as hypothesized in the
present study, it should be possible to block the influx of
water caused by readmission of Cl~ by simultaneously
removing external Na‘t. Likewise, the influx of water
caused by the return of Na't should be blocked by
simultaneous removal of external Cl™. As illustrated in
Fig. 7A, isosmotic removal of external Cl~ caused rapid
cell shrinkage that reversed upon readmission of the
Cl™-containing control solution. In the absence of external
Na*, however, the volume recovery from shrinkage was

CI removal (caly)

[-——

CI~ removal

CI” removal (bum)

|_| ] L

CI™ addition

CI™ addition (bum)

H
] Wk

Na* removal

Na* removal (bum)
Na* addition
Na* addition (bum)

] k¥
T L

8 10 12 14 16 18 20

Juolnlem2s™

Figure 5. lon requirements and sensitivity to bumetanide and calyculin-A of net water fluxes across the

basolateral membrane

Compiled data were obtained from experiments like those illustrated in Figs 2, 3 and 4. Net water fluxes were
calculated from the initial rates of change in cell water volume and from measurements in cell height using
egn (2). The water efflux on exposure to the isosmotic CI~-free solution (Cl~-removal) was reduced significantly
(P < 0.001) by exposure to 10 uM bumetanide (CI~-removal (bum)). The net water influx measured on returning
Cl~ to the bath (Cl~-addition) was not significantly different from the net water efflux measured on removal
of CI~, but was reduced significantly (P < 0.001) by bumetanide (CI~-addition (bum)). Similarly, the net water
efflux induced on exposure to the isosmotic Na*-free solution (Na*-removal) was significantly (P < 0.001) reduced
in the presence of bumetanide (Na*-removal (bum)). The water influx measured on returning Na™ to the bath
(Nat-addition) was not significantly different from that obtained on removal of Na*; the water influx, however,
was significantly (P < 0.001) reduced by bumetanide (Na™-addition (oum)). The largest net water fluxes observed
were those elicited on isosmotic removal of external ClI~ in cells treated with 10 nm calyculin-A (ClI~-removal
(caly)), a phosphatase inhibitor that stimulates NKCC1. Calyculin-A caused a twofold increase that was statistically

significant (P < 0.001).
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blocked (n = 4). This indicates that external Na™ is
required for the inward movement of water induced
on readmission of external Cl~. Analogously, isosmotic
removal of external Na' caused rapid cell shrinkage
that recovered on returning to the Na'-containing
control solution. However, in the absence of external Cl~
the Na'-induced volume recovery from shrinkage was
blocked (n=6),asshown in Fig. 7B. These experiments are
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Figure 6. Net water influx as a function of external CI- and Na*
concentrations

A, pigmented ciliary epithelial cells were equilibrated with isosmotic
Cl~-free solution (0 CI7). Then, they were exposed to single pulses of
isosmotic solutions each of which had a different CI~ concentration
(29.5, 59, 88.5, or 118 mwm). At the end of each exposure the cells
were returned to the Cl~-free solution. Net water influx (Ju,0) for
each pulse was estimated from the initial rates of cell swelling using
eqn (2). Each data point represents the mean = s.e.m. of 6
experiments. Data were fitted by a sigmoid curve with a Hill coefficient
of about 2. B, cells were equilibrated with isosmotic Na*-free solution
(0 Na*) and exposed to pulses of isosmotic solutions of increasing Na*
concentrations: 28.1, 56.2, 84.3, or 112.4 mm. At the end of each
exposure the cells were returned to the Na™-free solution. Net water
influx (Ju,0) for each pulse was estimated from the initial rates of cell
swelling using egn (2). Each data point represents the mean =+ s.e.m.
of 5 experiments. Data were fitted by a Michaelis-Menten equation
with an apparent K, value of about 40 mm.
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consistent with the hypothesis that NKCC1 cotransports
water, Nat and Cl~; water transport can only take place if
all of the substrates of the cotransporter are present in the
solution.

Cl~ fluxes induce uphill water transport across
the basolateral membrane of pigmented ciliary
epithelial cells

When CI~ was returned to the external solution bathing
PE cells that had been equilibrated in Cl™-free solutions,
there was a rapid influx of water (e.g. Fig. 2, left trace, and

A ocr

acr

ocr

1.05
1.00

WY,

0.95
0.90

0 Na*
B 1.05 i

1.00
0.95

WV

0.90
0.85

Figure 7. Water transport in pigmented ciliary epithelial cells
requires the simultaneous presence of external CI~ and Na*

A, left trace: isosmotic removal of external CI~ (black bar, 0 CI~)
caused an immediate, rapid cell shrinkage that reversed on returning
to the Cl~-containing bathing solution (vertical dashed line). Right
trace: a second exposure to the 0 Cl~ solution produced a similar cell
shrinkage to that observed in the left trace. While the cells were
shrunken, they were exposed to isosmotic Na*-free solution (black
bar, 0 Na™) containing the control concentration of CI~. In the
absence of external Na* there was no recovery from shrinkage (open
arrow and dashed vertical line). Thus, on restoring the transmembrane
CI~ gradient in the absence of external Na™ there is no cell water
volume recovery. On returning to the control isosmotic solution the
cells recovered their initial water volume. B, isosmotic removal of
external Na* (black bar, 0 Na™) caused immediate, rapid cell shrinkage
that reversed on returning to the control isosmotic solution (left
vertical dashed line). While the cells were shrunken, they were exposed
to isosmotic Cl~-free solution (top black bar, 0 CI~) containing the
control Na™ concentration. In the absence of external CI~ there was
no recovery from shrinkage even though the Na* gradient had been
restored (open arrow and dashed vertical line). On returning to the
control isosmotic solution the cells recovered their initial water volume.
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arrow 1 in Fig. 8). Since the osmolarity of the bathing
solution was kept constant, this water influx proceeds
in the apparent absence of osmotic gradients across the
membrane. To test if the CI~ induced influx of water flux
could proceed against an osmotic gradient, mannitol (50
mM) was added simultaneously with Cl~. Under these
conditions, the influx of water induced by Cl~ competes
with an adverse osmotic gradient generated by mannitol,
which, by itself, would have induced an efflux of water (Fig.
8, arrows 2 and 3). However, when Cl~ was re-admitted
together with 50 mM mannitol, there was an influx of water
of4.5+0.7nlcm™?s™! (n=6), which occurred against the
transmembrane osmotic gradient (Fig. 8, arrow 3). This
suggests that the free energy supplied by adding Cl~ is
transferred to power the uphill influx of water by NKCCI1.
The magnitude of the uphill influx of water is consistent
with experiments where the additions of Cl~ and mannitol
are done separately. When Cl~ was added the influx of
water was 7.7 £ 0.5 nl cm™2 s7! (n = 52), while the
addition of 50 mM mannitol alone led to effluxes of 5.0 &
0.6 nl cm™? s7' (n = 20); see below. The osmotic
water efflux induced by mannitol can be divided about
equally with 2.5 nl cm™2 s™! via the NKCC1 pathway and
2.5 nl cm™? s7! via the parallel bumetanide-insensitive
pathway (Fig. 9). Consequently, when 50 mm mannitol
is added together with CI~, there will be an osmotically
induced water efflux of about 2.5 nl cm™ s™! via the
bumetanide-insensitive pathway. This is close to the
difference between the influx of 7.7 nl cm™2 s~! observed
when CI™ is added alone and the value of 4.5 nl cm™2 5!
obtained when mannitol is added together with the CI™.

The osmotic water permeability of the basolateral
membrane of pigmented ciliary epithelial cells

is inhibited by bumetanide and requires

the simultaneous presence of external Na* and CI~-

To determine the water permeability, L,, of the
basolateral membrane, PE cells were transiently exposed
to a control solution to which mannitol (50 mosmol 17!)
was added (Fig. 9). The L, derived from the initial rate
of the mannitol-induced shrinkage was (1.51 & 0.12) x
107* cm s7! (osmol 171)7! (n = 89). In the presence
of bumetanide, at concentrations that selectively block
NKCCs (10 um), L, was reduced to (0.81 + 0.08) x 10~*
cms™! (osmoll™!)~! (n=8), whichis about halfits control
value. To determine the Na* dependence of Ly, the cells
were primed for at least 1 min with solutions in which
Na' had been replaced with NMDG on a mole-for-mole
basis. To measure L, under these conditions, mannitol
(50 mosmol 17!) was added to the Na*-free solution. In
the virtual absence of external Nat, L, was reduced to
(0.55 & 0.04) x 107* cm s7! (osmol I™V)7! (n = 6),
a value that is about 3 times lower than that measured
under control conditions. Analogously, to test the CI~

© 2010 The Authors. Journal compilation © 2010 The Physiological Society

Cotransport of water by NKCC1

4095

dependence of the L,, cells were primed with solutions in
which CI™ had been replaced with gluconate, and mannitol
was added in the virtual absence of external Cl™. In the
Cl™-free solution, L, was (0.62 + 0.04) x 10~* cm s~
(osmol 171~ (n = 6), a value that is about two and a
half times lower than that measured in control solutions.
These results show that roughly half of the L, of the baso-
lateral membrane of PE cells is inhibited by bumetanide,
and requires the simultaneous presence of Na* and Cl~,
suggesting that NKCCI1 transports water in response to the
transmembrane osmotic gradient imposed by mannitol.
The effects of ion substitutions on L, were more evident
than the effect of bumetanide. The results suggest that not
all the hydraulic permeability of the basolateral membrane
is mediated by NKCC1 and that 10 uM bumetanide might
not be a sufficiently high concentration to completely
inhibit NKCC1. The latter is in agreement with what has
been observed in PE cells (Hamann et al. 2005) and other
preparations (Russell, 2000; Rocha-Gonzalez et al. 2008).
We conclude that the L, of the basolateral membrane of PE
cells results from two permeabilities of similar magnitude

1.2

oCcr
50 man
50 man
oCcr

1.1+

ViV,

08~

60s

Figure 8. The CI--dependent influx of water in pigmented
ciliary epithelial cells can proceed against an osmotic gradient
Following equilibration in control solution, cells were exposed to
isosmotic Cl~-free solution, which resulted in cell shrinkage. On
readmission of the Cl~-containing control solution, cells recovered
from shrinkage due to water influx (arrow 1 and dashed line).
Addition of 50 mm mannitol to the control bathing solution (50 man),
thereby rendering it about 17% hyperosmotic with respect to the
control solution, resulted in osmotic shrinkage due to rapid cell water
efflux (arrow 2 and vertical dashed line). On readmission of the control
solution, cells recovered their initial water volume. However, when
shrunken in isosmotic Cl~-free solution, and then exposed to the
Cl~-containing control solution with 50 mm of mannitol added, cells
increased their relative volume due to a rapid water influx (arrow 3
and dashed line). That is, water influx induced by concomitant CI—
influx proceeded uphill, against the osmotic gradient imposed by

50 mm mannitol. On returning to isosmotic Cl~-free solutions, cells
went back to their initial (shrunken) volume, and on admission of the
control solution, cells’ water volume recovered to its initial value.
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working in parallel, one via NKCC1 and the other via the
lipid bilayer and/or proteins other than NKCCs (Fig. 9C).

Interestingly, NaCl was less effective than mannitol
in inducing osmotic water movements across the
basolateral membrane of PE cells. The L, derived from
the initial rate of shrinkage upon exposure to hyper-
osmolar NaCl (prepared by adding 37.5 or 50 mm NaCl
to the control solution, equivalent to osmotic gradients
of 75 and 100 mosmol 17!') was (0.83 £+ 0.09) x
107* ecm s7! (osmol 17)™' (n = 26). This L, is half
that obtained with mannitol but similar to that observed
with mannitol in the presence of bumetanide (Fig. 9B).
Further, the L, determined by hyperosmotic pulses of
NaCl was not affected by bumetanide; in the presence
of 10 M bumetanide L, was (0.78 £ 0.06) x 10™* cms™!
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(osmol 1I71)™! (n = 9). This suggests that hyperosmolar
NaCl does not give rise to net water transport mediated by
NKCC1, but only via a parallel bumetanide-insensitive
pathway (Fig. 9C). The low capacity of NaCl to drive
water via NKCC1 suggests a balance between osmotic and
chemical driving forces in this protein; the osmotic driving
force for water efflux caused by the addition of NaCl is
matched by the inward driving force arising from the
coupling between Na™, Cl~ and water through NKCCI.

Discussion

The cotransporter NKCCI is expressed in the basolateral
membrane of PE cells from the ciliary body of the

A 50 man C
— An
1.05 !
1.00 | ' H,0
o NKCC1
§— 0.95 -
0.0+ :?}20
0.85- 60 s —|—
B
Control }—|
Control J |
+bum -

0 Na* -

V77 naci

0cCr . } {

Control

o V2 72723
0 0.2 0.4 0.6

08 10 12 14 16

Jo [107 em s~ (osm "))

Figure 9. Effect of bumetanide or changes in external ion composition on osmotic water permeability
of the basolateral membrane of pigmented ciliary epithelial cells

A, addition of mannitol to the control bathing solution (indicated by the vertical broken line and the black bar),
produced cell shrinkage. The water permeability (Lp) was derived from the initial rate of cell shrinkage measured
within the first 5-10 s of the response, applying egn (2). In the example shown, 50 mosmol I=! of mannitol was
added to the control bathing solutions during the time indicated by the black bar. Vi/Vy denotes relative cell
water volume. B, effect of bumetanide or changes in ion composition on L, measured by applying hyperosmotic
mannitol challenges (open bars) or NaCl (hatched bars). Bumetanide (10 um) reduced L, to half its control value
(Control 4+ bum) in mannitol. In tissues equilibrated with isosmotic Na*-free solution (0 Na™), L, was reduced to
about one-third of the control value. A similar reduction in L, was measured in tissues equilibrated with isosmotic
Cl=-free solution (0 CI7). If the transmembrane osmotic gradients were changed by hyperosmotic NaCl (hatched
bars), the L, values were about half those obtained using hyperosmotic mannitol challenges (Control, hatched
bar). Bumetanide had no effect on L, values determined using hyperosmotic NaCl (Control 4+ bum, hatched bar).
C, diagram illustrating the two water pathways proposed to be present in the basolateral membrane of PE cells.
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human eye. A previous study aimed at characterizing the
transport properties of NKCC1 in cultured PE cells showed
that NKCC1 transported water in response to osmotic
gradients (Hamann ef al. 2005). The water transport
mediated by NKCC1 exhibits several properties that are
different from those of conventional channel-mediated,
osmotic transport: (i) water transport saturates at osmotic
gradients of 200 mosmol 17!, being half-maximal at
around 100 mosmol 17'; (ii) the activation energy is higher
than that for aqueous pores (21 kcal mol™! versus about
5 kcal mol™!), and (iii) the osmotic water transport is
inhibited by bumetanide at concentrations compatible
with specificity for Nat—K*—2Cl~ cotransporters (10 uM).
In the present study we confirm and extend our previous
results by demonstrating a tight coupling between water
and ion fluxes mediated by NKCC1. We show that water
transport mediated by NKCC1 occurs in isosmotic media,
i.e. in the absence of transmembrane osmotic gradients,
and that the downhill flux of ions can energize uphill
transport of water. Further, combining the previous with
the new data we can estimate how many water molecules
per turnover cycle are cotransported by NKCC1 with 1
Na®, 1 K, and 2 Cl~ ions, as discussed below.

Coupling of water and ion fluxes in NKCC1

Rapid changes in external Cl~ or Na® concentrations at
constant osmolarity gave rise to immediate water fluxes.
The rapid onset of the isosmotic water fluxes suggests a
direct link between the transport of water and that of
Nat and Cl~ through a transport mechanism sharing
kinetic properties and ion requirements characteristic
of transport mediated by NKCCI1. Further, experiments
with pharmacological inhibitors and stimulators of
NKCC1 support the notion that this transport molecule
cotransports ions and water. The evidence backing up this
hypothesis is discussed below.

First, there was a close temporal link between water
fluxes and Cl~ fluxes. Moreover, the Cl™-induced water
fluxes were inhibited by 10 M bumetanide (Figs 2 and 5)
and enhanced by calyculin-A (Figs 3 and 5), a phosphatase
1 inhibitor that promotes phosphorylation and activation
of NKCC1 (Lytle & Forbush, 1992). This is consistent
with other observations showing that calyculin-A nearly
doubles the activity of NKCC1 in PE cells (Layne et al
2001). Further, the recovery from shrinkage due to
water influx that ensued on restoring the external CI~
concentration was blocked in the absence of external Na™
(Fig. 7A), a strong indication of a direct link between CI ™,
water and Nat movements. The relation between water
fluxes and external Cl~ concentration had a sigmoid shape
(Fig. 6A); the water flux saturated at Cl~ concentrations
of about 120 mM and had a Hill coefficient of about
2. This sigmoid relation is the one expected if water is
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transported together with two Cl™ ions per NKCCl
turnover cycle. Further, the K, for Cl™ was about
60 mM, a value that falls within the range found for
NKCC1 mediated ion transport (Isenring et al 1998;
Diecke et al. 2005). It is unlikely that our measurements
were influenced by other Cl~ uptake transporters such
as Na'-independent anion exchangers; the experiments
were performed with HCO; ™ -free solutions buffered with
Hepes.

The effects of changing the external Nat concentration
on water fluxes also point to a direct link between water
and ion transport mediated by NKCC1; step changes in
external Nat concentrations gave rise to immediate water
fluxes, which were inhibited by bumetanide (Figs 4 and
5). Moreover, the recovery from shrinkage due to the
water influx that ensued on restoring the external Na*t
concentration did not occur in the absence of external
Cl~ (Fig. 7B). Likewise, the magnitude of the water fluxes
saturated with increasing external Na™ concentration and
exhibited first order Michaelis—Menten kinetics (Fig. 6B).
This suggests that water is transported together with 1
Na™ per turnover cycle of NKCCI1. The apparent K, for
the Nat-dependent water transport was about 40 mM,
which falls within the range determined for Na™ transport
mediated by NKCC1 (Isenring et al. 1998; Diecke et al.
2005).

In sum, water influx underlying volume recovery from
isosmotic shrinkage requires the simultaneous presence
of external Na™ and Cl~, and is inhibited by bumetanide,
indicating that the water flux is tightly linked to NKCC1
transport activity.

Water transport mediated by NKCC1 can occur
in the absence of osmotic gradients or even against
the direction of an imposed osmotic gradient

As discussed above, isosmotic addition of external Cl™
or Na™ to cells that had been depleted of these ions was
associated with an immediate water influx. Importantly,
these water fluxes took place in the absence of any
apparent transmembrane osmotic driving forces; the
osmolarities of the bathing solutions were identical and
it is reasonable to assume that the intracellular osmolarity
was similar to that of the extracellular solutions (Figs
2, 4, and 5). It is important to emphasize that the
water fluxes were determined within the first 10 s after
changes in external ions. Within this relatively short time
period, the intracellular osmolarity can be assumed to be
virtually unchanged, as discussed below. The influence of
osmotic forces on water flow was addressed in another
series of experiments demonstrating that net water influx
induced by ions transported by NKCC1 occurred in
the face of adverse osmotic gradients. Figure 8 shows
an example of this uphill water flux; when ClI~ was
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returned to the bathing solution together with mannitol
(50 mosmol 17!), the influx of water induced by CI~
proceeded in the direction opposite to that of the osmotic
gradient, indicating that water was actively transported.
These observations suggest that energy stored in the sum of
the chemical potential gradients of Na*, K* and Cl~ can
be transferred to drive the uphill movement of water by a
mechanism closely associated with the NKCCI1 protein.

It is possible to give a crude quantitative estimate of
the coupling between water and ions in NKCCI. The L,
assessed using NaCl was similar to that determined in cells
in which NKCC1 was inhibited with bumetanide or by
equilibration with Na* or Cl~-free solutions (Fig. 9). In
other words, hyperosmolar pulses of NaCl do not give
rise to significant net water fluxes through NKCCI. This
shows that for NKCCI the outward osmotic driving force
derived from the hyperosmolar pulse of NaCl is balanced
by the inward driving force associated with the increased
external Na* and Cl~ concentrations. From this balance it
has been estimated that 570 water molecules are coupled
to the transport of the 4 ions equivalent to about 145
water molecules per ion (Zeuthen, 2010). The magnitude
of this coupling resembles that estimated for the K™—CI~
cotransporter isosform expressed in the choroid plexus
from Necturus maculosus, where 500 water molecules are
coupled to the transport of 1 K* and 1 Cl~ (Zeuthen,
1991a,b, 1994). Similar coupling ratios between water
and substrate transport, in the range of 40 to 400 water
molecules per turnover cycle, have been suggested for
other secondary active transport mechanisms (Zeuthen,
2010).

NKCC1-dependent water transport does not arise
from unstirred layer effects

It is unlikely that the coupling between Nat, KT, CI~
and water in NKCC1 arises from secondary effects such
as solute accumulation in restricted areas adjacent to the
cell membrane; the magnitudes of the ion fluxes are too
small and the intracellular diffusion coefficients too high
to give rise to significant changes in intracellular ion
concentrations during the time course of the experiments.
The rate of Nat, Kt and Cl~ transport mediated by
NKCCI is estimated to be 8 x 107" molcm™2s™" in
PE cells (Hamann et al. 2005). Given a cell height of 8 um
and assuming a restricted intracellular free water volume
of 30% (Pfeuffer et al. 1998), it can be calculated that the
intracellular osmolarity changes by about 0.2 mosmol 1!
in 10s. However, the initial rates of volume change
observed on removal or re-addition of external Cl~ or
Na™ are about 1% s™'. To elicit volume changes of this
order by osmosis given the measured L, values would
require a change in intracellular osmolarity of about
50 mosmol1~! in less than 10 s. Clearly, the estimated
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changes in intracellular osmolarity are more than two
orders of magnitude smaller than those that would be
required to explain the observed initial rates of change in
cell water volume. The osmotic effects of ion influx would
be enhanced if the influx led to ion accumulation at areas
adjacent to the inner face of the membrane, the so-called
unstirred layer effects. However, the intracellular diffusion
coefficients are too high to give rise to significant increases
in osmolarity adjacent to the cytoplasmic side of the baso-
lateral membrane during influx. It is generally accepted
that intracellular diffusion coefficients are in the range of
20-50% of those in free solution, which are about 1.5 x
10~> cm? s~' (Zeuthen et al. 2002, 2006, 2007; Charron
et al. 2006; Naftalin, 2008). Given these values, it can be
estimated that the osmolarity at the inner face of the baso-
lateral membrane may increase by no more than 2 M as
a result of unstirred layer effects (Hamann et al. 2005).

Possible mechanism of water transport
via cotransporters

The precise molecular mechanism by which water
transport is mediated by cotransporters is not
clear. Cotransporters adopt a number of different
conformations during a transport cycle. A molecular
model of water transport must link the state and
distribution of water in each of these conformations with
the overall water transport, both when this is driven by
an applied osmotic gradient or when taking place in the
absence of external osmotic driving forces.

Detailed measurements in the Nat-coupled
cotransporters of glucose and of glutamate strongly
suggest that each conformation is characterized by
a distinct passive osmotic water permeability (for
references see Zeuthen, 2010). Consequently, the passive
water permeability of the cotransporter (L,) during a
transport cycle is the weighed average of the values for
each conformation. For NKCC1, we found that the L, in
the absence of Na™ or Cl~ was reduced to values similar
to those found when the cotransporter was inhibited with
bumetanide. This suggests that the absence of Nat or Cl~
locks the protein in a relatively water impermeable state.

The mechanism of water cotransport in the absence of
external osmotic gradients remains to be elucidated, but
it may be related to the way in which the cotransport
proteins act as membrane-bound enzymes. Enzymes have
aqueous cavities that enable substrates to reach the binding
sites. During enzymatic activity the cavity closes and opens
again to release the end-product. This lead to changes in
both the size of the water-filled cavities and the amount of
loosely bound surface water. The amount of water shifted
between conformational changes lies in the range between
10 and 1320 molecules per turnover for both aqueous and
membrane bound enzymes (Parsegian, 2002). Aqueous
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cavities with linear dimensions up to 50 A have been
demonstrated by high-resolution crystallography for
several cotransporters and ATPases (reviewed in MacAulay
et al. 2009 and Zeuthen, 2010). The number of water
molecules in these cavities and that of the cotransported
water molecules are comparable; the volume occupied
by 500 water molecules is about 15,000 A% and given
that the molecular weight of the NKCC1 core protein is
about 135 kDa (Reshkin et al. 1993; Payne et al. 1995),
this water would constitute less than 10% of the protein
volume. Based on the above considerations, two models
for mechanisms of water transport in cotransporters have
been suggested. The hyperosmolar-cavity model is based
on the osmotic forces that build inside the protein when
the substrate leaves its binding site and moves freely in
the cavity. If the separation between the outside solution
and the cavity behaves as a semipermeable membrane,
water will enter the cavity from the outside by osmosis
and driven into the inside solution by the hydrostatic
pressure in the cavity. The alternating-access model relates
to the way in which the substrate gains access to a binding
site in combination with occlusion of substrate and water
(Zeuthen & Stein, 1994; Naftalin, 2008).

Physiological relevance of water cotransport
mediated by NKCC1

The ability of NKCC1 to couple ion and water
transport may play a direct role in salt and water
secretion in epithelia. In secretory epithelia like that
of glands, airway, and the cilliary body of the eye,
NKCCI1 and the Nat/K*-ATPase are localized at the
basolateral membrane, i.e. the membrane across which
water enters in these epithelial cells (Silva et al. 1977;
Edelman et al. 1994; Crook et al. 2000; Gutiérrez et al.
2004; Walcott et al. 2005; Nakamoto et al. 2007). The
low intracellular Nat concentration maintained by the
Na't/K*-ATPase generates favourable ion gradients for the
inward cotransportof Na*, K™, 2Cl~ and water by NKCCl.
Thus, cotransport of salt and water by NKCCI1 takes place
in the same direction in which transepithelial secretion
occurs (Fig. 10). In this model, 1 Na™, 1 K™ and 2 Cl~ ions
are cotransported into the cell together with 570 water
molecules. Na™ is pumped back to the external fluid via
the Na™/K*-ATPase, and K leaks out by electrodiffusion
via channels. The result is the net entry of 2 Cl™ and 570
water molecules across the basolateral membrane enabling
water transport to proceed into the lumen by osmosis,
across the apical membrane, which expresses aquaporins
(Ma et al. 1999; Matsuzaki et al. 1999; Gresz et al. 2004;
Gutiérrez et al. 2004). Water cotransport mediated by
NKCC1 could account for as much as 80% of the water
content in the final secretion (Zeuthen, 2010). Water trans-
port by NKCC1 may also explain uphill water transport
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observed in secretory epithelia. In the present study we
provide evidence that water transport mediated by NKCC1
can indeed occur against an osmotic gradient (Fig. 8).
Given the estimated coupling ratio and typical values
for intracellular and extracellular ion activities, it can be
calculated that under physiological conditions NKCC1 is
capable of transporting water against an osmotic gradient
of the order of 100 mosmol 17! (Zeuthen, 2010). This is
consistent with the uphill water transport demonstrated
in a variety of salivary glands (Ludwig, 1861; Imai et al.
1973; Nakahari et al. 1997; Murakami et al. 2006).

Water transport mediated by NKCC1 may also be
functionally relevant for dorsal root ganglion (DRG)
neurons, symmetrical cells known to express NKCC1
abundantly (Alvarez-Leefmans et al. 1988; Sung et al.
2000; Funk et al. 2008). In the cell bodies of these
sensory neurons, which are spherical and have no other
process than a neurite, there is a tight link between
Nat, K*, 2 ClI™ cotransporter activity, water fluxes,
steady-state intracellular Cl~ concentration, and cell water
volume (Rocha-Gonzalez et al. 2008). Isosmotic removal
of external CI~ resulted in intracellular Cl~ depletion and
immediate cell shrinkage. The extent of cell shrinkage
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Figure 10. A molecular model of salt and water coupling in
secretory epithelial cells

In this model, the primary coupling between salt and water transport
takes place in the NKCC1 protein located in the serosal (basolateral)
membrane of the secretory epithelial cell. The secondary active import
of Na*, K*, CI~ and H,0 mediated by NKCC1 is energized by the
Na*t gradient generated and maintained by the Nat/K*-ATPase. Na*
entering the cells via NKCC1 is pumped out by the Nat/K*-ATPase.
KT entering via NKCC1 leaks out through channels. Water and CI~
proceed through the cell. Water leaves passively across the luminal
(apical) membrane, e.g. via aquaporins (AQP), whereas CI~ leave via
channels (or transporters) in the apical membrane. Our data suggests
that 570 water molecules and 2 CI~ are cotransported per cycle via
NKCC1. Na™ ions are secreted paracellularly via leaky junctions. For
simplicity other cellular or paracellular pathways are not shown.
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could be entirely accounted for in terms of measured
Cl™ depletion. Upon readmission of the isosmotic
control solution, water influx took place in isosmotic
media, required the presence of external Na* and KT,
and was completely inhibited by 10 uM bumetanide.
Interestingly, there was a component of the net Cl~ influx
that did not require external Na*t, and that most likely
occurs via channels. This Nat-independent component
of the net Cl™ influx did not result in changes in cell
volume. Thus, all the net water flux was tightly linked
to NKCC1 transport activity. It is tempting to think
that the NKCC1-linked water fluxes in DRG neurons are
mediated by water cotransport. However, the changes in
cell volume upon removal and readmission of external
Cl~ were one order of magnitude slower than those
occurring in PE cells (1% s versus 1% min™'), probably
due to differences in kinetic regulation between the two
cell types. In DRG neurons NKCC1 determines not only
the higher than passive intracellular Cl~ concentration
characteristic of these sensory neurons but also the cell
volume set point, through a negative feedback system in
which intracellular CI~ regulates water and Cl™ influx,
thereby maintaining intracellular CI~ concentration and
cell volume constant (Alvarez-Leefmans, 2009). Future
experiments are needed to determine if the water fluxes in
DRG cells and other neurons, characterized for having
relatively small hydraulic permeability, are passive or
carrier mediated.
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